Partition coefficients describe the equilibrium partitioning of a single, defined charge state of a solute between 15 two liquid phases in contact, typically a neutral solute. Octanol-water partition coefficients ( ow ), or their logarithms (log P), 16 are frequently used as a measure of lipophilicity in drug discovery. The partition coefficient is a physicochemical property that 17 captures the thermodynamics of relative solvation between aqueous and nonpolar phases, and therefore provides an excellent 18 test for physics-based computational models that predict properties of pharmaceutical relevance such as protein-ligand binding 19 affinities or hydration/solvation free energies. The SAMPL6 Part II Octanol-Water Partition Coefficient Prediction Challenge 20 used a subset of kinase inhibitor fragment-like compounds from the SAMPL6 pK a Prediction Challenge in a blind experimental 21 benchmark. Following experimental data collection, the partition coefficient dataset was kept blinded until all predictions were 22 collected from participating computational chemistry groups. A total of 91 submissions were received from 27 participating 23 research groups. This paper presents the octanol-water log P dataset for this SAMPL6 Part II Partition Coefficient Challenge, 24 which consisted of 11 compounds (six 4-aminoquinazolines, two benzimidazole, one pyrazolo[3,4-d]pyrimidine, one pyridine, one 25 2-oxoquinoline substructure containing compounds) with log P values in the range of 1.95-4.09. We describe the potentiometric 26 log P measurement protocol used to collect this dataset using a Sirius T3, discuss the limitations of this experimental approach, 27 and share suggestions for future log P data collection efforts for the evaluation of computational methods. 28 29 0.1 Keywords 30 octanol-water partition coefficient ⋅ log P ⋅ blind prediction challenge ⋅ SAMPL ⋅ kinase inhibitor fragments ⋅ 4-aminoquinazoline ⋅ 31 potentiometric log P measurement 32 0.2 Abbreviations 33 SAMPL Statistical Assessment of the Modeling of Proteins and Ligands 34 log P log 10 of the organic solvent-water partition coefficient ( , refers to partition of neutral species unless stated otherwise) 35 log D log 10 of organic solvent-water distribution coefficient ( ) 36 log R log 10 of the volumetric ratios of partition solvents (octanol to water) 37 pK a −log 10 of the acid dissociation equilibrium constant 38 1 of 24 p o K a −log 10 apparent acid dissociation equilibrium constant in octanol-water biphasic system 39 ISA Ionic-strength adjusted solution with 0.15 M KCl 40 SEM Standard error of the mean 41 LC-MS Liquid chromatography-mass spectrometry 42 NMR Nuclear magnetic resonance spectroscopy 43 HRMS High-resolution mass spectrometry 44 octanol 1-octanol, also known as n-octanol 45 1 Introduction 46 The SAMPL (Statistical Assessment of the Modeling of Proteins and Ligands) Challenges [http://samplchallenges.github.io] are a 47 series of blind prediction challenges for the computational chemistry community that aim to evaluate and advance computational 48 tools for rational drug design [1]. These challenges focus the community on specific phenomena relevant to drug discovery-such 49
(1) 1 SAMPL6 was originally announced as featuring a log D prediction challenge, but there were difficulties in the collection of experimental data. The original plan was to measure log P 0 , log P -1 , and log P +1 and calculate log D values at the experimental pH using these values. However, we were able to measure the partition coefficients of neutral species (log P 0 ) much more reliably than ionic species with potentiometric log P method of Sirius T3, as elaborated further below. 
A closely related concept is that of the distribution coefficient ( , often written in log 10 form as log D) which should not be 86 confused with log P. log D is the logarithm of the sum of all species (both neutral and ionized) concentrations in the organic 87 phase divided by the sum of neutral and ionic species concentrations in aqueous phase. Both octanol-water log P and log D 88 values are frequently used as lipophilicity estimates [22] . However, while log D is pH-dependent, log P is independent of the pH 89 of the aqueous phase. As log P is defined as the partition coefficient of neutral species, it would include all neutral tautomer 90 populations if a compound can tautomerize. 91 The gold standard of partition coefficient measurement experimentation is the shake-flask method, according to the Organiza-92 tion for Economic Cooperation and Development (OECD) [33] . Methods developed as experimental refinements on the shake-flask 93 method are high-throughput microscale shake flask [34, 35] and slow stirring methods [36] . Other direct methods for log P or 94 log D determination include dialysis chamber-based methods [37] , micellar electrokinetic capillary chromatography [38, 39] , and 95 counter-current chromatography [39] . An indirect experimental method that is widely used-despite being less reliable-is log P 96 estimation based on reversed-phase high-performance liquid chromatography (HPLC) retention times [40] [41] [42] [43] [44] . The measurement 97 principle for all of these methods is the measurement of log D-the equilibrium distribution coefficient for both neutral and 98 ionized species-in a pH-dependent manner. As a result, in order to measure log P with these methods it is necessary to conduct 99 the log D measurements at a pH where the analyte is completely un-ionized. At a pH where the analyte is at a neutral state, 100 log P is equal to log D; however, accurately predicting or measuring the equilibrium ionization constant (pK a ) of a substance is a 101 prerequisite. Here in this study, however, we pursued an alternate approach for experimental determination of log P, which is 102 potentiometric measurements. 103 Potentiometric measurement of log P with the Sirius T3 104 The potentiometric log P measurement method determines log P values directly using potentiometric titrations in an immiscible 105 biphasic system [45, 46] . The shift of apparent pK a values when the aqueous phase is in contact with the octanol phase is used to 106 estimate log P values. Experimental log P values presented in this study were collected using this potentiometric method, and 107 they refer to the partition coefficient of the neutral species. 108 The potentiometric log P measurement method used by the Sirius T3 instrument (Pion) [46-51] is based on determination 109 of the partition profile directly from acid-base titrations in a dual-phase water-partition solvent system consisting of two liquid 110 phases in contact ( Fig. 1 ). In this method, multiple potentiometric acid-base titrations are performed in the aqueous phase at 111 various equilibrium volumetric ratios of octanol and water to observe the ionization and partitioning equilibrium behavior of the 112 analyte. As the relative volume ratio of octanol to water changes, a shift in apparent pK a (p o K a ) is observed due to partitioning 113 of neutral and ionic species-which have distinct octanol-water partitioning equilibria-into the octanol-rich phase. Equations 114 describing this coupled partitioning and ionization equilibria are then solved to determine the log P of the neutral and ionic 115 species. To use this method, aqueous pK a value(s) must be known, and analytes must be fully water soluble at the highest 116 concentration they reach during the titrations throughout the entire range of pH titration selected for the potentiometric log P 117 measurement protocol. The largest pH range selected for titration can be pH 2-12 and the minimum range should include ±2 pH 118 units around the pK a and p o K a . 119 When an ionizable substance is titrated in a two-phase system, the apparent pK a -here, denoted p o K a -observed in the 120 titration shifts due to differential partitioning of neutral and ionized species into the nonaqueous phase. The p o K a value is the 121 apparent pK a in the presence of partition solvent octanol. Its shift is dependent on the volumetric ratio of the water and octanol 122 phases. The p o K a value increases with increasing partition solvent volume for monoprotic acids and decreases with monoprotic 123 bases. The shift in p o K a is directly proportional to the log P of the compound and the ratio of octanol to water. For a monoprotic 124 acid or base, the partition coefficient of neutral (P 0 ) and ionic species (P -1 , P +1 ) relates to pK a and p o K a as [50] , [50] . Measurements of the pK a and apparent pK a (p o K a ) at three octanol-water volumetric ratios (log R) are performed to estimate the partition coefficients of neutral and ionized species, log P 0 and log P -1 , respectively. An ionization and partitioning equilibria model, along with estimated potentiometric titration curves, are shown for a monoprotic acid in this figure.
Here, is the volume ratio of nonaqueous phase ( nonaq ) to aqueous phase ( aq ), Three independent replicates were performed for each log P measurement using 1-octanol and water biphasic systems at 151 25.0°C, starting with solid material. General guidance of according to the instrument manual suggests optimal analyte mass 152 should be in the range of 1-10 mg. "Sample weight" is the terminology used to describe analyte mass in Sirius T3 manuals, 153 software, and reports. Due to solubility limitations of the SAMPL6 compounds, we tried to use analyte masses less than 3 mg. 154 There was not much flexibility to adjust aqueous phase volume, since this is limited by the minimum volume required for the pH 155 probe (1.4-1.5 mL) and the volume that must be spared for the octanol phase in the sample vial. Therefore, we adjusted analyte 156 mass instead of aqueous phase volume when reducing sample concentration was necessary to achieve solubility.
For molecules with low solubility, target analyte mass was reduced, but not below a minimum of 1 mg. In some cases, to help with kinetic solubility issues of the analytes, solid samples were predosed manually with 80-100 µL ISA 175 water-saturated octanol prior to the addition of ISA water and partition solvent-these are noted in Table 1. Predosed volumes   176 were provided to the analysis software as an input and were accounted for in the total octanol volume calculation. Whenever 177 mean molecular charge vs pH plots showed experimental data points that deviated from the expected sigmoidal curve shape 178 (oscillatory shape or steeper descent), we suspected solubility problems and attempted to prevent them by predosing octanol, 179 which can only help the cases in which the solubility issue is a kinetic and not an equilibrium solubility issue. The only way to 180 alleviate an equilibrium solubility issue entirely is to lower the analyte concentration by starting the experiment with a smaller 181 analyte mass. 182 For each replicate log P measurement, three sequential automated acid-base titrations were performed in the same vial at 183 three different volume ratios of octanol and water, using 0.5 M KOH and HCl solutions as titrants while monitoring pH with a pH 184 electrode (Ag/AgCl double-junction reference electrode). Additional volumes of octanol were dispensed before each titration to 185 achieve target octanol-water ratios. The sequence of three octanol-water ratios were determined using predicted log R profiles 186 (apparent pK a shift vs log 10 of the volumetric ratios of partition solvents, as shown in Fig 
where denotes the unbiased sample estimator for the true standard deviation and denotes the sample mean. are 213 observations and N is the number of observations. 214 The SEM calculated from independent replicate experiments as above was found to be larger than non-linear fit error reported 215 by the Sirius T3 Refine Software from potentiometric log P model fit of a single experiment, thus leading us to believe that running 216 6 of 24 replicate measurements and reporting mean and SEM of log P measurements better captured all sources of experimental 217 uncertainty. We caution, however, that the statistical error estimated from three replicates is only determined to an order of 218 magnitude [60]. 219 220 Purities of all SAMPL6 pK a Challenge compounds-a subset of which formed the log P set used here-were determined by LC-MS 221 and reported elsewhere [29] . The same lots of compounds were used for pK a and log P measurements. LC-MS assessment 222 showed that the 11 compounds reported in this study have a minimum of 96.5% purity and matching molecular weight to 223 supplier reported values (Table S1 ). 224 When questions were raised about the accuracy of log P measurements for SM13 by a participant of SAMPL6 log P Challenge, 225 we had additional quality control experiments performed to confirm the compound identity of SM13. LC-MS and NMR data were 226 fully consistent with the structure of SM13 as originally provided ( Figure S1 , S2). High-Resolution Mass Spectrometry (HRMS) data 227 was acquired using an Agilent 6560 Q-ToF by +ESI. NMR data were acquired for the sample dissolved in pyridine-d5. 1 H, DQF-COSY, 228 and ROESY spectra were acquired using a 600 MHz Bruker AVANCE III HD spectrometer equipped with a liquid nitrogen-cooled 229 broadband Prodigy probe. Chemical shifts were assigned to validate the structure of SM13.
Quality control of analytes

230
3 Results
231
In this study, we attempted to use the potentiometric log P measurement method of the Sirius T3 to measure log P values for 232 24 compounds of the SAMPL6 pK a Challenge set. For 13 of the selected compounds, experimental constraints set by solubility, 233 lipophilicity, pK a properties of the analytes, and experiment analysis volume limitations of the Sirius T3 instrument resulted in an 234 inability to achieve reliable log P measurements suitable for the blind challenge (Table S4 ). For example, SM24 has a basic pK a of 235 2.60 and we could not optimize log P measurement protocol because in the presence of octanol phase apparent pK a was shifting 236 beyond the measurable pH range of the Sirius T3. On the other hand SM03 log P could not measured with potentiomentric 237 method due to its low aqueous solubility. Only 11 of 24 compounds from the SAMPL6 pK a Challenge set were found to be suitable 238 for potentiometric log P measurements with the Sirius T3. The resulting challenge dataset presented here has a log P range 239 of 1.95-4.09. Six of these represent the 4-amino quinazoline scaffold (SM02, SM04, SM07, SM09, SM12, SM13). There are two 240 benzimidazoles (SM14, SM15), one pyrazolo[3,4-d]pyrimidine (SM11), one pyridine (SM16), and one 2-oxoquinoline (SM08) ( Fig. 3 ).
241
The mean and SEM of replicate log P measurements, SAMPL6 compound IDs (SMXX), and SMILES identifiers of these compounds 242 are presented in Table 1 . In all cases, the SEM of the log P measurements ranged between 0.01-0.07 log 10 units. 243 Results of independent replicate measurements are presented in Table S2 . Preparation of each replicate sample started 244 from weighing dry powder of the same analyte lot. The log P estimates from potentiometric titrations were evaluated using the 245 partitioning and ionization equilibrium model as implemented in the Sirius T3 Refine software, which produces log P estimates for 246 both neutral and ionic species. We observed that log P values of neutral species were highly reproducible, while variance of log P 247 of ionized species between replicate experiments was high. It was also not possible to measure log P values of the ionized species 248 reliably as doing so would require sampling higher log R values. Since it was probihitively difficult to optimize experimental 249 protocols to capture partitioning of ionic species accurately, we optimized the experiments to prioritize accurate measurement of 250 neutral species log P (log P 0 ) and constructed the blind computational prediction challenge based on log P 0 values. Figure 2 . Illustrative potentiometric log P measurements of phenol (monoprotic, acid, log P 1.49) and SM16 (diprotic, amphoteric, log P 2.62) with the Sirius T3. Triangles represent experimental data points collected during the octanol-ISA water titrations and solid lines represent the ionization and partitioning model fit to the data. A, B: Computed mean molecular charge vs pH. Mean molecular charge is calculated based on experimental pK a values and types (acid or base type) of the analyte. The black line is the model titration curve in aqueous media and based on the aqueous pK a . Blue, red, and green triangles represent three sequential titrations with increasing log R (increasing octanol) that show shifted p o K a values. The inflection point of titration curves indicates the pK a or p o K a , though these values are obtained by a global fit. For titration of acidic species, partitioning into the octanol phase increases the observed p o K a . In the titration of the basic pK a of SM16, increasing log R causes a decrease in p o K a . The pH range of the experiment was determined such that only the titration of basic pK a was captured (molecular charge between +1 and 0). C, D: log R profiles show a shift in p o K a with respect to increasing relative octanol volume. These plots aid in the design of the experiment and selection of optimal octanol volumes that aim to maximize separation between p o K a values for better model fit within experimental limitations (pH and analysis vial volume). E, F: Buffer index profiles show buffering capacity observed in three titrations with increasing log R (blue to green). The black line is the intrinsic buffering capacity of water. For an accurate potentiometric measurement, buffering capacity signal of the analyte must be above the buffering capacity of water. As octanol volume increases, the concentration of the analyte in aqueous phase, and thus buffering capacity, decreases. G, H: Predicted relative populations of ionization states in octanol and water phases as a function of pH, based on the equilibrium model fit to experimental data.
SM02
log P 4.09 ± 0.03 Table 1 , and replicate log P measurements can be found in Table S2 . Table 1 . Experimental log P measurements for the SAMPL6 Part II log P Challenge. Potentiometric log P measurements were performed with the Sirius T3 in ISA water. Triplicate measurements were performed at 25.0 ±0.5 and in the presence of 150 mM KCl to control ionic strength. log P values are reported as mean ± SEM of at least three independent replicates. log P values of independent replicate measurements are presented in Table S2 . A computer readable form of this table can be found in the SI documents bundle (logP_experimental_values.csv).
Molecule ID N 1 log P (mean ± SEM) Assay Type
Isomeric SMILES 
Dynamic range of log P measurements and solubility limitations
We attempted to measure the log P for all 24 SAMPL6 pK a Challenge compounds, but the Sirius T3 potentiometric log P 254 measurement method was able to provide reliable measurements for only a subset of 11 molecules which were included in 255 the blind challenge. We only included molecules that yielded reliable, precise log P measurements in the computational blind 256 challenge. 257 A number of factors restricted the ability to perform reliable log P measurements and led to elimination of some compounds 258 from the initial set of 24: low water solubility within the pH range of the titration, the limited volume capacity of the glass sample 259 vial which limits the maximum achievable octanol:water ratio, the octanol-dependent p o K a values shifting outside the measurable 260 pH range of 2-12 (especially high acidic pK a s and low basic pK a s). If an analyte does not suffer from the issues mentioned above, 261 dynamic range of this log P measurement method is limited by smallest (related to dispensing accuracy and evaporation rate) 262 and largest octanol volumes (related to analysis vial volume) that can be dispensed. To obtain reliable and precise log P estimates from experimental data, it is recommended to fit the ionization and partitioning 271 equilibrium model to at least three potentiometric titrations with well separated p o K a values (Figure 2A , B). log P values can also 272 be estimated from two potentiometric titrations, but not as accurately. p o K a values of sequential titrations need to be at least 273 0.3 pK a units separated from one another and from the aqueous pK a . To achieve this, selecting an optimal set of octanol-water 274 volumetric ratios is key. 275 It is logical to target the largest difference in octanol volumes, but the minimum volume of aqueous phase that provides as useful as the accuracy of log P prediction. For that reason, potentiometric log P measurements needs to be optimized with an 283 iterative process where the first experimental protocol is designed using predicted log P and experimental pK a of the analyte. 284 Based on the p o K a shifts and quality of titration curves observed, a second experiment is designed to improve p o K a shifts by 285 adjusting the octanol volumes after consulting the log R profile and using the estimated log P from the previous experiment as a 286 guide. Sometimes 3 or 4 iterations were necessary to reach an optimal protocol that results in a good fit between predicted and 287 experimental titration curves and produces reproducible log P estimates. An example protocol optimization for SM02 guided by 288 log R values is shown in Fig. 4 . 289 While maximizing the difference in p o K a values from each other and from the aqueous pK a is desirable, sometimes it is 290 necessary to reduce the octanol volume to limit the shift in p o K a so that it remains within a measurable range. This would be 291 necessary when the aqueous pK a is a weak acid (pK a >9) or weak base (pK a <5), since the presence of the octanol phase causes 292 p o K a shifts towards higher and lower values, respectively, approaching the limit of the measurable pH range of the instrument. between 4-11. Some molecules in the SAMPL6 set which were not suitable for potentiometric log P measurements because of 302 this criteria were: SM01, SM17, SM18, SM19, and SM24 (Table S4 ). Sample preparation starts with the weighing of solid powder material to analysis vials. How much analyte to use is another 305 important decision that requires optimization. General guidance according to the Sirius T3 manual is to use 1-10 mg, and the 306 aqueous phase volume is typically adjusted to the minimum volume (1.4-1.5 mL). The buffering capacity and compound solubility 307 are the two factors that guide lower and higher limits of suitable analyte concentration. The Sirius T3 produces buffer index vs 308 pH plots ( Fig. 2E, D) which provide guidance on how much analyte is needed for sufficient potentiometric signal. To guide the 309 first experiment, these plots can be simulated based on analyte mass, experimental pK a , predicted log P, and selected octanol For these compounds resembling fragments of kinase inhibitors -the compounds considered in the SAMPL6 pK a Challenge [29] 318 and this study-this solubility criterion turned out to be very challenging to meet. A large portion of compounds in the SAMPL6 319 pK a Challenge set were found to be insufficiently soluble for potentiometric log P experiments at some region of the pH range 320 that needs to be titrated during the experiment, more likely the pH region where the neutral population of analytes are prominent. 321 These compounds for which potentiometric log P measurement could not be optimized due to solubility limitations are listed in 322   Table S4 . For other compounds, we had to try reducing the analyte sample quantity from 3 mg to 1 mg of compound to find 323 the optimum balance between ensuring the compound remained fully soluble and ensuring sufficiently high buffering capacity 324 signal. The rate of change of pH vs. volume of acid or base titrated in analyte solution must differ from the rate of pH change in 325 just water. This quantity is expressed as a buffering index in buffer index profiles generated by Sirius T3 (Fig. 2E,F) , where a black 326 solid line describes the theoretical buffering capacity of water and colored triangles describe the experimental buffering capacity 327 of the analyte. For high quality measurements, reaching at least 0.001 buffer index at the maximum point of the titration (at pH 328 that equals p o K a ) is recommended. 329 In our case, the exact solubility of compounds was not known prior to log P measurements. We had to evaluate precipitation 330 issues based on the distortion of mean molecular charge vs pH profiles ( Fig. 2E, D) and stirring after titrant addition, were also helpful for overcoming kinetic solubility problems. An example protocol optimization 336 for SM08 to overcome solubility problems is shown in Fig 5 . 337 If possible, measuring solubility of compounds prior to potentiometric log P measurements can provide helpful information 338 for more efficient log P measurement protocol optimization. However, since solubility is pH-dependent, the lowest solubility 339 of the compound during the entire pH 2-12 range would be the information necessary to guide the experimental design. An 340 experiment for a compound with 400 g/mol molecular weight using the minimum analysis made of 1 mg and 1.5 mL of aqueous 341 phase corresponds to 1.67 mM. To be suitable for potentiometric log P measurements with the Sirius T3, at least 1.67 mM 342 aqueous solubility is necessary throughout the pH range of the analysis. 343 One way to increase the dynamic range of potentiometric log P measurement with the Sirius T3 is to increase the range of 344 log R that can be sampled by performing three different p o K a measurements in three different analysis vials instead of three 345 sequential titrations in one vial. But since log R is dependent on the cumulative octanol volume in sequential titrations, the 346 advantage of the single titration approach is not significant. The single titration approach can only allow a small additional volume 347 for octanol phase which would be used to dispense multiple acid and base stock solution volumes (∼0.2 mL). We did not elect to 348 investigate this design because we did not want to introduce another source of error: the variance in sample mass between 349 measurements. Since the initial sample mass is an input parameter to the experimental model, using three different sample 350 masses would introduce effects coming from the inaccuracy of the analytical balance to log P estimates. show deviation from expected sigmoidal shape which is an indication of an insoluble analyte. This experiment with solubility issues led to log P and log P +1 estimates of 3.97 and 1.86. To eliminate precipitation, we could not lower analyte mass below 1 mg. Instead we were able to optimize the experimental protocol by increasing the predosed octanol volume and increasing additional octanol volumes added in each titration. Predosing octanol helps only with kinetic solubility issues. Larger octanol volumes can help to improve the experiment when thermodynamic solubility is the limitation, by allowing larger amounts of analyte partitioning into the octanol phase and reducing the analyte concentration in aqueous phase. Additional octanol volumes were selected such that they would also improve log R profile of the measurement. With optimized protocol (B) we achieved sample ionization profiles without any precipitation effects. log P and log P +1 were measured as 3.16 and 0.23. Once we achieved optimization of potentiometric log P protocol, triplicate measurements were collected using the same protocol. powder stocks. However, potentiometric measurements require 1-10 mg/mL analyte concentration in order to reach sufficient 353 buffering capacity. The required concentration of the DMSO stock solution would be quite high, and sometimes impossible due 354 to solubility limits in DMSO. Typical DMSO stock solution concentrations are 10 mM. For an analyte with 400 g/mol molecular 355 weight, the concentration of 10 mM DMSO stock solution corresponds to 4 mg/mL. In order to achieve the minimum required 1 356 mg/mL analyte solution for the Sirius T3 experiment, the aqueous phase would have to consist of 25% DMSO which would cause 357 significant cosolvent effects. On the other hand, achieving lower cosolvent presence, such as 2.5% DMSO, would require DMSO 358 stock solutions of 100 mM at which concentration the analyte may not be soluble. Presence of cosolvent at even low amounts 359 is undesirable due to the potential the effect on the log P measurements. Therefore, it is not recommended to perform these 360 experiments starting from DMSO stock solutions. 362 Although it is possible to use Sirius T3 potentiometric log P measurements to determine the partition coefficients of ionic species 363 as well, in practice, we were not able to achieve log P 1 estimates with low variance between experiments. The partitioning of 364 ionic species into the organic phase is typically much lower than that of the neutral species, and to capture this accurately by 365 measuring sufficiently large p o K a shifts, it would be necessary to use much larger octanol to water volumetric ratios . The 366 Sirius T3 glass analyte vials can hold up to 3 mL, which limits the maximum achievable octanol to water volumetric ratio. Since at 367 least 1.4 mL must be devoted to the aqueous phase for the pH probe, this leaves only 1.6 mL for the octanol phase, producing a 368 maximum achievable ∼ 1.1. Another limitation was the measureable pH range. Since log P measurements rely on determining 369 well-separated p o K a values at different log R values to get a good model fit, the octanol to water volumetric ratio needs to be 370 selected such that p o K a values are well separated but not out of the measurable pH range (2-12). 371 To capture the partitioning of ionic species to the octanol layer reliably, experiments need to be set up with larger log R ratios 372 which is problematic if this causes p o K a to shift outside of the measureable pH range. Therefore, we designed the experiments 373 to capture only the partition coefficient of the neutral species (log P 0 ) accurately. The SAMPL6 log P Prediction Challenge was 374 constructed only on prediction of neutral species. 375 The lack of reliable determination of partition coefficient values of the ionic species (log P +1 or log P -1 ) may be a source of 376 systematic error in the estimate of log P of the neutral species (log P 0 ). For hydrophobic compounds with negligible partitioning 377 of the ionic species into the octanol-rich phase (log P +1 , log P -1 ≤ 2), log P 0 estimates would still be accurate even if ion partitioning 378 is not captured well. For compounds that may have higher levels of ionic partitioning, to minimize the impact of inaccurate 379 log P +1 or log P -1 experimental estimates on log P 0 measurements, we used ACD/Labs predicted log P +1 and log P -1 values as the 383 Multiple publications point out discrepancies between log P values determined by the potentiometric method and the shake-flask 384 experiments for zwitterionic compounds [62, 63] . There are multiprotic compounds in the SAMPL6 dataset (SM14, SM15, and 385 SM16), but we believe these measurements were not affected by this problem because they are not zwitterionic. Zwitterionic 386 molecules have a zwitterion as the dominant neutral state in the pH region between the two pK a s (a lower acidic pK a and a higher 387 basic pK a ). SM14 has two basic pK a s and is not found as a zwitterion at any pH between 2-12. SM15 and SM16 are amphoteric 388 compounds that possess both acidic and basic titratable groups, however, according to spectrophotometric pK a measurements 389 in the presence of cosolvent their acidic pK a values are higher than their basic pK a values. This means the major neutral form of 390 these compound is the non-charged state, not a zwitterion. Spectrophotometric pK a measurements with varying percentage of 391 methanol as cosolvent were performed with the Sirius T3 and included in supplementary documents. Acidic or basic character of 392 macroscopic pK a values was assigned based on the slope of Yasuda-Shedlovsky plots. 393 In addition, quantum mechanics calculations [64] do not predict the presence of multiple tautomers of the neutral state at 394 significant populations for any of the molecules in the SAMPL6 log P Challenge set. Possible tautomers, such as the zwitterionic 395 state, are predicted to be much higher in energy and thus unlikely to play a significant role even if we considered a prediction 396 error margin for quantum mechanics-based calculations. Therefore, we do not think our potentiometric log P measurements are 397 influenced by presence of zwitterions or minor tautomeric forms. 398 4.5 Suggestions for future log P data collection 399 High quality datasets of experimental physicochemical property measurements are valuable for testing computational predictions. 400 Benchmarking and evaluation efforts like the SAMPL challenges benefit from large experimental datasets with diverse chemical 401 species. The quality of log P measurements collected with the Sirius T3 potentiometric method are satisfactory and comparable 402 to gold standard shake flask measurements [45, 49, 51] . The Sirius T3 potentiometric log P method requires aqueous pK a s to be 403 measured experimentally ahead of time. The ability to obtain log P measurements of neutral and charged species separately, 404 instead of measuring pH dependent log D, is a unique advantage of the Sirius T3 approach compared to shake-flask or HPLC-based 405 methods where ionization effects are involved with partitioning behaviour. However, due to previously discussed limitations and 406 the necessity for extensive protocol optimization for each analyte, we are reluctant to suggest potentiometric log P measurements 407 with the Sirius T3 as a general and high-throughput method for future log P data collection unless significant resources and work 408 hours of a human expert can be dedicated to protocol optimization and data collection. 409 Informed selection of analytes can help improve the success of Sirius T3 experiments. For example, this approach is easier to 410 apply to highly soluble compounds (more than 1 mg/ml solubulity in 0.15 M KCl through the entire range of pH titration range at 411 room temperature) with pK a values in the midrange (3<acidic pK a <10 and 4<basic pK a <11). There is no significant difference in 412 difficulty between the measurements of monoprotic vs multiprotic compounds, as long as one of the pK a values of the multiprotic 413 compound is in the midrange. For determining the log P of neutral species, it is sufficient to collect potentiometric titration data 414 between the neutral state and the +1 or -1 charged states by titrating the pH region that captures the relevant p o K a values. It is 415 not necessary to capture the titration of a second pK a (Fig. 2B) . 416 Our opinion is that log D measurements at a buffered pH can be much more easily obtained in a higher throughput fashion 417 using miniaturized shake-flask measurements, such as those used in SAMPL5 log D Challenge experimental data collection [21] . 418 To obtain log P values from experiments that were designed to measure log Ds, it is necessary to measure the pK a of compounds 419 (such as with the Sirius T3) and conduct log D measurements using a buffered aqueous phase at a pH that will ensure that 420 the analyte is completely in the neutral state. According to our experience, optimizing pK a measurements with the Sirius T3 is 421 significantly easier than optimizing log P measurements, especially if a spectrophotometric (UV-metric) pK a method can be used 422 instead of potentiometric, which is not an option for log P measurements. 423
Reliable determination of log P values of ionized species was not possible
Absence of zwitterions allowed accurate log P measurements of amphoteric molecules
Conclusion
424
This study reports the collection of experimental data for the SAMPL6 Part II log P Blind Prediction Challenge. In the physico-425 chemical property prediction challenge components of SAMPL6, we aimed to separately evaluate performance of computational 426 methods for predicting ionization (pK a ) and nonaqeuous partitioning (log P) of small molecules, collecting experimental data for 427 these properties on the same set of compounds and fielding sequential, independent prediction challenges. While we attempted 428 to measure octanol-water log P for all compounds in the SAMPL6 pK a Challenge set-consisting of 24 compounds that resemble 429 fragments of kinase inhibitors-experimental limitations of the Sirius T3 potentiometric log P method meant that reliable log P 430 measurements could only be performed for 11 of these compounds. The resulting compound set had meaured log P values in 431 the range of 1.95-4.09. This set included six molecules with 4-aminoquinazoline scaffolds, and two molecules with benzimidazole 432 scaffolds. Although the chemical diversity and number of compounds was rather limited, blind high-quality log P datasets are 433 rare, and still highly valuable for evaluating the performance of computational predictions. Therefore, the SAMPL6 Part II log P 434 Blind Prediction Challenge was held between November 1, 2018 and March 22 ,2019 using the log P measurements presented in 435 this paper. This dataset can be utilized as part of a benchmark set for the assessment of future log P predictions methods. Table S1 : Procurement details of SAMPL6 Part II log P Challenge compounds. 442 • Table S2 : Replicate potentiometric log P measurements performed with Sirius T3 for octanol and ISA water biphasic system. 443 • Table S3 : SMILES and InChI identifiers of SAMPL6 log P Challenge molecules. 444 • Table S4 : Molecules from the SAMPL6 pK a Challenge not included in the SAMPL6 log P Challenge. 445 • Figure S1 : HRMS determination of SM13 molecular weight. 446 • Figure S2 : NMR determination of SM13 structure. 447 Additional supplementary files 448 logP_experiment_reports.zip file includes: 449 • Sirius T3 reports for all measurements in PDF and T3 formats: log P measurements of SAMPL6 log P Challenge set and 450 cosolvent pK a measurements of SM14, SM15, and SM16. 451 • Table 1 Table S4 . Molecules from SAMPL6 pK a Challenge not included in SAMPL6 log P Challenge. These are molecules for which potentiometric log P experiments could not be optimized. Suspected reasons why good log P measurements could not be collected for these molecules are listed in the "Limitation for potentiometric log P" column. Limitation of pK a value indicates that apparent pK a shifts outside of measureable range in the presence of the octanol phase. Solubility limitation indicates that we could not find a potentiometric log P protocol that can avoid precipitation issues. Experimental pK a values were originally reported elsewhere [ Figure S1 . HRMS determination of SM13 molecular weight confirmed the supplier reported molecular weight.
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